Abstract: Magnetic resonance imaging is increasingly being used to evaluate the lymphatic system. Advances in magnetic resonance (MR) software and hardware allow improved visualization of lymph nodes and lymphatic vessels. We describe how MR lymphangiography can be used to diagnose central lymphatic system anatomy and pathology, which can be used for diagnostic purposes or for pre-procedural planning.
ANATOMY OF THE CENTRAL LYMPHATIC SYSTEM
The central lymphatic system is composed of the cisterna chyli in the upper abdomen and the thoracic duct in the thorax. Lower extremity and retroperitoneal lymphatics converge with intraabdominal lymphatics (hepatic, mesenteric, etc.) at the cisterna chyli, which is most frequently located in the retroperitoneum just anterior to the T12-L1 vertebral bodies in a right paramedian location. The cisterna chyli ranges from 0.5 to 2 cm in diameter. The thoracic duct extends cranially from the cisterna chyli and courses cephalad along the posterior mediastinum in a left paramedian location immediately anterior to the thoracic vertebral bodies. The thoracic duct receives multiple lymphatic branches that provide drainage to the lungs bilaterally. The cervical portion of the thoracic duct gradually courses anteriorly and to the left, connecting to the left central veins. The thoracic duct is most commonly a 2 to 4 mm diameter single vessel (Fig. 1) .
Central lymphatic anatomy is frequently variable. While the most common location for the cisterna chyli is to the right of the aorta, a median or left paramedian location can also present as a normal variant. Approximately 30% of patients lack a cisterna chyli. These patients may have prominent retroperitoneal lymphatic vessels (Fig. 2) . The thoracic duct may be variable in course: it may bifurcate or trifurcate anywhere along its course, including at the cervical portion before connecting to the central veins such that there are multiple outflow points into the central venous system. The thoracic duct may course in the posterior mediastinum, but in a right paramedian location with drainage into the right-sided central veins. Right-sided drainage has been reported in 2% to 3% of patients, and bilateral drainage in 1% to 1.5% of patients. The thoracic duct can have variable sites of drainage into central veins: internal jugular vein (60%), subclavian vein (15%), between the external and internal jugular veins (7%), between the external jugular and subclavian veins (2.5%), and the brachiocephalic vein (1.5%).
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MRL INDICATIONS Lymphoceles
Pathophysiology
Lymphoceles are benign lesions that develop post-traumatically, most commonly from iatrogenic surgical injuries. Because they tend to be asymptomatic, many lymphoceles are incidentally diagnosed on imaging. However, they can become symptomatic when large enough to cause mass effect or when superinfected. 4 
Imaging
Lymphoceles should be readily identifiable on imaging if they measure greater than 1 cm in size. On T2-weighted MR sequences, they exhibit high signal intensity due to their high fluid content, and do not enhance after intravenous contrast administration. Central or peripheral lymphatic vessels may also be connected to lymphoceles. 5 
Management
Small sterile lymphoceles are usually asymptomatic, and typically heal by spontaneous resorption. Large lymphoceles that are symptomatic secondary to mass effect or superinfection may be treated with surgical drainage, marsupialization, aspiration, or percutaneous catheter drainage with sclerotherapy. 4 
Lymphatic Malformations
Pathophysiology
Lymphatic malformations are congenital vascular malformations. Pathogenesis remains elusive, but hypotheses include early failure of mesodermal lymphatic sacs to develop into venolymphatic structures, or disordered growth of lymphatic vessels. Most frequently diagnosed in children, 90% of lymphatic malformations are identified in patients between birth and 2 years of age. 6 They can be isolated, or part of more extensive syndromes such as KlippelTrenaunay syndrome. Lymphatic malformations occur within the neck approximately 75% of the time, and less frequently within the axillae and mediastinum. 7 They account for approximately 5% of mediastinal masses. 8 Lymphatic malformations are generally thinwalled, well circumscribed, and insinuate between surrounding anatomic structures. Lymphatic malformations are subdivided into macrocystic, microcystic, or combined macro-and microcystic types, which are differentiated by the size of cystic components. Macrocystic lesions have cystic components greater than 2 cm in diameter. 9 Microcystic lesions have cystic components smaller than 2 cm in diameter, and so appear to be predominantly composed of soft tissue. When a venous component is present, these lesions are considered venolymphatic malformations (Fig. 3) . 
Imaging
Macrocystic lymphatic malformations typically exhibit homogeneously low T1 and high T2 signal of the cystic components, and heterogeneous enhancement of septae on contrast-enhanced T1-weighted sequences. The T1 and T2 signal characteristics of the cystic components are variable when septal vessels hemorrhage into the cystic components with consequent thrombus formation, or when the cystic components become superinfected. Findings suggestive of infection include peripheral fat stranding, and robust enhancement of thickened septae. Microcystic lymphatic malformations most frequently appear as predominantly soft tissue masses with small cystic components, and they exhibit low signal intensity on T1-weighted images, high signal intensity on T2-weighted images, and heterogeneous enhancement on postcontrast T1-weighted images. Dynamic contrast enhanced imaging can assist with identification of mixed venolymphatic components, when they are present.
Management
Macrocystic lesions can be treated by percutaneous sclerotherapy with reported response of 91% and complete resolution in 28% in treated patients. 10 Microcystic lesions have traditionally required surgical resection to avoid complications such as superinfection and growth with mass effect. Due to the propensity of these lesions to insinuate into nearby structures, complete resection can be difficult and recurrence is common. However, recent studies show that percutaneous treatment of microcystic lesions with aspiration and doxycycline sclerotherapy resolved 100% of lesions. 11 When lesions are located immediately adjacent to a neurovascular bundle, percutaneous intervention is preferred due to lower risk for injury to the adjacent nerves and vessels as compared with open surgical resection. Identification of a lesion, extent of involvement, description of tissue plane involvement, and relationship to adjacent structures (especially neurovascular bundles) is crucial for the treating physician whether the lesion is to undergo percutaneous or surgical treatment. 12 
Chylothorax
Pathophysiology
Chylothorax is a rare entity that is most commonly acquired. Etiologies include trauma, infection, sarcoidosis, amyloidosis, or malignancy. Approximately 25% of cases result from trauma, either accidental or iatrogenic. Chylothorax is diagnosed clinically, by identifying the typical milky appearance of the pleural effusion. If the pleural fluid is not milky, which is commonly seen after patients are started on a low-fat diet or made NPO, then the chylous nature of the effusion may be established by the presence of triglycerides or chylomicrons in fluid analysis.
Imaging
On MR, chylothorax most commonly manifests as a unilateral pleural effusion. The pleural fluid is often of high T2 signal intensity. Direct communication between the thoracic duct and the chylous pleural fluid generally cannot be seen on noncontrast-enhanced MRL protocols, and requires fluoroscopic lymphangiography or dynamic contrast enhanced MRL with direct intranodal administration of gadolinium into the inguinal nodes.
Management
Conservative therapy for chylothorax includes dietary management, including a low-fat diet, or cessation of oral intake with initiation of total parenteral nutrition, with or without octreotide. This has a reported success rate of 28%. Although surgical thoracic duct ligation is the therapeutic gold standard, it carries morbidity and mortality rates of 38% and 2.1%, respectively. 13 Thoracic duct embolization (TDE), described in 1996 by Cope, 14 is a minimally invasive fluoroscopy-guided procedure that has demonstrated clinical success rates of 72% to 90% in the largest series. Complications from this procedure are generally minor and occur infrequently (rates of 2% to 6%). Complications typically relate to traversal of intra-abdominal organs while accessing the cisterna chyli and asymptomatic pulmonary embolization of lipiodol without long-term sequelae. 15, 16 Plastic Bronchitis
Pathophysiology
Plastic bronchitis is a rare and frequently fatal condition characterized by the development of chylous bronchial casts and consequent airway obstruction. This entity has been described in pediatric patients with congenital heart disease who have undergone the Fontan procedure. Reports of its development note an association with underlying pulmonary, cardiac, or lymphatic disorders, possibly due to incidental lymphatic injury or the development of anomalous lymphatic channels. 17 Plastic bronchitis is diagnosed clinically by the presence of chylous casts upon expectoration or tracheal suction or bronchoscopy.
Imaging
MRL findings suggestive of plastic bronchitis include dilated peritracheal lymphatics that communicate with a patent normal sized thoracic duct. 
Management
Conservative management with sildenafil and inhaled tPA has been the mainstay of therapy for this entity. Recently, embolization of abnormal thoracic duct branches or the thoracic duct itself has been clinically successful. 18 
MR Technique for Imaging the Central Lymphatic System
Fluoroscopic lymphangiography is considered the gold standard for diagnostic imaging of the central and peripheral lymphatic systems. Fluoroscopic lymphangiography provides high spatial resolution anatomic imaging and allows for physiologic monitoring of flow along the lymphatics. However, fluoroscopic lymphangiography is limited by need for local expertise, direct access of the lymphatic system through pedal lymphatic vessels or inguinal lymph nodes, and radiation exposure while imaging slow lymphatic flow through the lymphatic system. Nuclear scintigraphy has been used as an alternative for invasive lymphangiography but is hampered by low spatial resolution and lack of anatomic landmarks. Multidetector computed tomography has not been used in clinical practice for dedicated lymphatic imaging due to concerns for radiation exposure and its inability to characterize the anatomy and function of the lymphatic system without percutaneous administration of lipiodol. MRI of the lymphatic (MRL) system can depict small and large sized lymphatic ducts using noncontrast and contrast-enhanced protocols (Table 1) . 19 The recently published ACR guidelines from 2017 regarding chylothorax treatment assign contrast-enhanced and noncontrast MRL an appropriateness score of 7 (usually appropriate) for chylothorax of nontraumatic or unknown etiology, and a score of 6 (may be appropriate) for chylothorax of traumatic etiology. 20 MRL examinations can be used to (1) identify and characterize pathologic changes and lesions of the lymphatic system and (2) assess patency and anatomy of the lymphatic and venous systems for pre-intervention planning. For the former, a combination of T1 and T2 imaging with dynamic contrast enhancement can be focused on palpable superficial or mediastinal masses within a targeted anatomic location. For the latter, imaging needs to cover the entire length of the central duct from the level of the cisterna chyli to its termination point at the central veins, which can be accomplished using either noncontrast and contrast sequences or a combination that images the lymphatics and veins. 19 Normal lymphatic ducts can be challenging to image due to their small size (under 4 mm in width); high spatial resolution imaging using overlapping thin slice acquisition is important for adequate characterization. Cardiac and respiratory motion can lead to obscuration of the small caliber central lymphatic system, and optimization of acquisition techniques to minimize cardiac and respiratory motion artifacts requires use of respiratory gating and fast sequence imaging when possible. Fluid-filled lymphatics can be visualized using high T2-weighted imaging, similar to that which is used for dedicated biliary MRI. For noncontrast MRL, acquisition of a balanced refocused postexcitation gradient MR sequence is very helpful for anatomic correlation. Imaging following thoracic surgery can be optimized with a correlative chest radiograph to note location of surgical clips that produce susceptibility artifact on MR sequences. Direct access of the lymphatic system via inguinal nodes can allow for dynamic assessment of lymphatic flow and communication of lymphatic flow to the abdominal cavity or pleural space (Table 1) .
Venous imaging is integral to MRL due to lymphatic outflow to the central veins, the mixed nature of lymphatic-venous disorders, and for pre-procedural planning for TDE. Occlusion of the central veins can lead to lymphatic obstruction (Fig. 4) . The central veins should be assessed for patency, areas of stenosis or thrombosis, and location of connection of the lymphatic outflow to the central venous system. Differentiation of venous structures from the lymphatic system should be apparent due to difference in size and course along the thorax, although this can be a challenge with focal venolymphatic malformation or a lymphatic mass with similarly sized veins and lymphatics located in close proximity. The use of intravenous contrast administration and dynamic imaging can help identify the individual lymphatic and venous components.
MR Noncontrast Imaging Procedure
Noncontrast MRL can be performed on 1.5-T or 3-T clinical imaging machines. Patients are imaged in the supine position. ECG leads are placed on the patient's chest for cardiac gating and anterior elements of phased-array coils are then placed over the chest, abdomen, and pelvis. Respiratory gating monitors are utilized for all sequences to reduce respiratory motion artifact.
Anatomic images are acquired using a steady-state balanced gradient series in the axial plane with coverage from the lower neck through the femoral heads using no angulation. Five millimeter slice thickness is used with 40% slice overlap and voxel size 1.2 Â 1.2 Â 1.5 mm 
MR Dynamic Contrast Enhanced Imaging Procedure:
Dynamic contrast enhanced MRL was recently described by Krishnamurthy et al, 19 and is performed by direct intranodal injection of dilute gadolinium (1 : 1 dilution with normal saline) into the inguinal lymph nodes. Lymph node access is obtained by the ultrasound-guided placement of a 20 to 23-gauge spinal needle or angiographic catheter into the inguinal nodes, after which correct positioning can be confirmed by saline injection.
Following catheter placement, initial survey images are used to confirm positioning and coverage, which should extend from the middle of the neck to the inguinal region, or, in larger patients, from the middle of neck through the lower abdomen. Noncontrast and contrast-enhanced fat suppressed images are obtained using a breathhold 3-dimensional spoiled gradient echo sequence with an acquired voxel size: 1-1.3 Â 1-1.3 Â 2-2.6 mm 3 ; reconstructed voxel size: 0.65-1 Â 0.65-1 Â 1-1.3 mm 3 . Five to ten milliliters of dilute gadolinium is then slowly infused (approximately 1 mL/3 minutes). 21 During contrast administration, imaging is obtained every 2 minutes using a spoiled gradient echo sequence until contrast material is seen in the retroperitoneal lymphatics. Subsequent imaging every 30 seconds to 1 minute occurs with filling of the central duct. Following lymphangiography, anatomic imaging can be obtained with a short tau inversion recovery (STIR) sequence. 19 
Image Processing
Anatomic and MRL-specific sequences should be viewed simultaneously on a PACS workstation and dedicated 3D post-processing platform to relate anatomic structures to the lymphatic system and venous system. T2-weighted sagittal and coronal images provide the most coverage for the least amount of time when compared with axial images, and can be reformatted into an axial plane for direct correlation with the anatomic images. Interactive off-axis assessment using maximal intensity projection can be very helpful for visualization of the thoracic duct and its connection to the central venous system. Selective editing of the volumetric datasets with removal of the high signal spinal fluid and pleural fluid will allow for improved visualization of the central duct on post-processing software platforms for 3D volume rendered images.
Interpretation and Reporting
Diagnostic MRL studies for lymphatic mass characterization should include characterization of the components of a mass, and whether a lesion is purely lymphatic, mixed lymphatic, venous, or arterial. Extent of mass, connection to the central lymphatic system, and involvement of adjacent muscular, vascular, and neurologic structures should be described to the extent possible.
Most referring physicians recognize limitations of MR in the delineation of extensive tiny ducts. Delineation of landmarks for use with intraoperative or percutaneous intervention is best provided by correlation with bony structures or surgical hardware, if present. Correlative radiographs or CT at the time of MRI can be very beneficial for correlation and next step procedures.
Role of MRL in Preprocedural Planning for Thoracic Lymphatic Disorders
MRL can provide guidance for medical, surgical, and minimally invasive procedures. Open surgical approaches require an understanding of the extent of lesions and relationship to adjacent structures. Lymphatic malformations with proximity to or involving critical neurovascular structures may be better treated with minimally invasive procedures. Identification of the location of thoracic duct disruption is critical for successful surgical thoracic duct ligation.
Anatomic evaluation of the thoracic duct by MRL is especially useful for planning TDE. 16, 17 TDE can be performed by antegrade catheterization of the thoracic duct by accessing the cisterna chyli percutaneously, or by retrograde catheterization of the thoracic duct through its central venous outflow. Anatomic evaluation on MRL includes localization of the cisterna chyli, venous thoracic duct outflow, description of variant central lymphatic anatomy, and evaluation of the central veins of the upper torso. The absence of a cisterna chyli or variant location is important for planning percutaneous access, and when the cisterna chyli is absent, MRL may show if there are prominent retroperitoneal lymphatic trunks that may serve as alternate targets for percutaneous access. For transvenous retrograde lymphangiography, which may be performed in patients with intracardiac shunts that place them at risk of stroke from lipiodol embolization or in patients who lack a cisterna chyli, MRL reveals the location of the outflow of the thoracic duct. This increases the likelihood of successful retrograde catheterization of the thoracic duct.
CONCLUSION
With improvements in image quality owing to advances in MRI hardware and software, MRL has expanded in use to address the increasing need for characterization of lymphatic masses, pre-procedural planning, and definitive lymphatic interventions. Multidisciplinary groups of radiologist, interventionalists, and surgeons working to optimize imaging and treatment planning will advance the applications of MR to diagnosis and management of lymphatic disorders and improve patient care.
